Abstract: This review highlights the recent technologies of H 2 S removal from wastewater in the petroleum refinery. H 2 S is a harmful, putrid, and hazardous gaseous compound. The main processes such as physicochemical, chemical, biological, and electrochemical methods were compared and discussed in detail. The effects of various parameters and adsorbent characteristics were highlighted and correlated with the adsorption capacities. Surface functional groups and porosity surface area play a crucial role in the process of single-phase and composite adsorbents. Composite materials impregnated with some metals showed high removal efficiencies. It was found that the adsorption process is the most relevant way for H 2 S removal due to its high removal efficiency, low cost, eco-friendly, and operational simplicity. This study serves as a useful guideline for those who are interested in H 2 S removal.
Abbreviations

Introduction
Globalization has led to the emergence and growth of many industrial activities, thereby, increasing the number of wastes, which are detrimental to the environment. Therefore, it is necessary to develop methods to handle these wastes. For instance, crude oil processing industry produces wastes that contain high sulfur contents. Because of the toxicity of sulfur, sweet crude oil is preferred over its sour counterpart. However, when the distillate crude oil is processed, the generated wastes would dissolve in water to produce sour water that contains hydrogen sulfide (H 2 S), which is a hazardous substance. Hence, it is essential to treat the pollutants prior to discharging them into the water bodies. In addition, H 2 S is fatal to benthic organisms and causes depletion of dissolved oxygen (Purcell et al. 2007 ). Nowadays, some industries have been facing problems in adhering to the environmental protection regulations due to the associated cost of petroleum wastewater disposal processes (Demirbas and Kobya 2017) . On the other hand, another risk associated with H 2 S in the natural environment (Zhang et al. 2010) . Moreover, H 2 S causes respiratory and safety problems due to its highly flammable nature. Metal corrosion will occur even at low levels of H 2 S concentration (Ozekmekci et al. 2015) . The concrete surface is subjected to corrosion as well, which will cause damage on the sewer (Vollertsen et al. 2008 ). According to the Environmental Protection Agency (EPA), concrete wastewater pipe corrodes (due to H 2 S) at a rate of 3.6 mm/year. The rate of concrete corrosion in sewer pipes is 2.5-10 mm/year (Zhang et al. 2008) . Replacement of those corroded pipelines would incur a huge cost (Choi et al. 2011) . For instance, in Los Angeles, the cost incurred for the repair of these corroded sewer pipelines is $400 million (Sydney et al. 1996) . In Flanders (Belgium), approximately 10% of the total cost for wastewater treatment is spent to replace the pipelines, amounting to €5 million per year (Vincke et al. 2002) . In Germany, about €100 billion per annum is spent on the restoration of damaged sewer systems (Kaempfer and Berndt 1998) . Beside corrosion problems, H 2 S is detrimental to human health due to its high toxicity even at a very low dosage (e.g. 0.05 mg/l). Humans may experience eye discomfort even if the H 2 S concentration was below 10 ppm. Several fatal cases of H 2 S poisoning have been found in Talvivaara, Finland (Zhang et al. 2010) and Japan (Kage et al. 2004 , Asakura 2015 . In addition, it is important to note that H 2 S is an unstable chemical compound as it is a reducing agent and it canoxidized easily. Moreover, H 2 S (upon combustion) produces many highly toxic by-products, such as carbonyl sulfide, sulfur dioxide, sulfuric acid, sulfurous acid, carbon disulfide, and particulate matters . Additionally, the carbonyl sulfide (COS) and carbon sulfide (CS 2 ) are components that are formed from sulfurous-carbonaceous compounds. These components would deplete the ozone layer by generating a sulfate aerosol layer . Therefore, efforts leading to efficient H 2 S removal are necessary. There are many methods that can be used to remove H 2 S. Generally, physicochemical, chemical, biological, and electrochemical methods are the popular ones, and these methods will be discussed in this review.
Toxicity and regulations
H 2 S is a harmful and putrid gaseous compound. The human nose can detect H 2 S at a concentration level as low as 0.5 ppb (Skrtic 2006) . H 2 S is volatile in water and soluble in some polar organic solvents. H 2 S could cause health problems such as coma, irritation of the eyes, and respiratory system irritation. Excess exposure to H 2 S might cause both chronic and acute ramifications (Lambert et al. 2006 ). The minimum H 2 S inhalation risk level is 0.02 ppm as recommended by the Agency for Toxic Substances and Disease Registry (ATSDR). A concentration of H 2 S equal to or greater than 500-1000 ppm might threaten human life and lead to imminent impairment on the human physique (Wiheeb et al. 2013) . Therefore, the Occupational Safety and Health Administration (OSHA) has regulated the exposure limit of 20 ppm for general industry during the workday to safeguard the employees. The maximum level of 50 ppm is permissible for a maximum duration of 10 min. Moreover, H 2 S has been known to primarily target the neural system and major organs such as the liver and kidneys (Guidotti 1994) . Exposure to high levels of H 2 S can cause death (Hendrickson et al. 2004 ). Therefore, due to its acute and chronic toxicity, an oral reference dose (RFD) of 0.003 mg/kg/day and an inhalation reference concentration (RFC) of 0.001 mg/m 3 have been recommended by the EPA. It is worth to mention here that a H 2 S concentration of above 700 ppm causes loss of consciousness, while sudden loss of consciousness/death happens if the concentration ranges from 1000 to 2000 ppm is detected (KazmierczakRazna et al. 2015) . In the US, the maximum admissible concentration is 15 mg/m 3 (10 ppm), and the maximum admissible ceiling concentration is 30 mg/m 3 (20 ppm) (Janoszka et al. 2013) . Eye irritation has been described as the first symptom that manifest at low H 2 S concentration (Lambert et al. 2006) . On the other hand, enzymes in the body could detoxify H 2 S through oxidation to form the safe compound (i.e. sulfate). Therefore, the body is able to tolerate a low level of H 2 S (Ramasamy et al. 2006) . The level of risk that is dependent on H 2 S concentration has been reported by OSHA. The US EPA has formulated ways to reduce the sulfur content in fuel. Hence, the sulfur content in non-road diesel fuel has been reduced from an average of 3400 to 500 ppm in 2007 and to 15 ppm in 2010. Moreover, the sulfur content in diesel fuel has reduced from 500 to 15 ppm per gallon in 2012 (Srivastava 2012) . Recently, US EPA has declared a new regulation that mandates oil and gas refiners to diminish the sulfur content in gasoline to 10 ppm by 2017 (Wall 2013 .
H 2 S is detrimental to the human nervous system and respiratory tract. Humans may be exposed to H 2 S via the inhalation route and drinking water. The standard concentration level of H 2 S in drinking water is 0.05 mg/l as reported by the US National Interim Secondary Drinking Water Regulations (NISDWR) (Dohnalek and FitzPatrick 1983) . The associated health hazards are dependent on the levels of exposure and concentration of H 2 S as summarized in Table 1 . Moreover, H 2 S is very corrosive when it is oxidized air as it may cause acid rains when it evaporated and oxidized to sulfuric acid by a type of aerobic bacteria that would corrode plant pipes (Chaudhuri 2004 ) and wastewater pipelines. Therefore, regular replacements of these pipelines are necessary (Vollertsen et al. 2008) . H 2 S is a highly flammable and explosive gas as well (Material Safety Data Sheet (MSDS)).
Furthermore, H 2 S is emitted from various environmental and natural sources including bacterial decomposition of vegetable and animal proteinaceous. It is produced naturally as one of the components of crude petroleum, natural gas, and volcanic gas. Operation processes including those in petroleum refineries, natural gas plants, and petrochemical plants are the major sources of H 2 S, which is released into the environment.
Sources and discharge conditions
Indirectly, human activity contributes the most to the emission of H 2 S such as natural gas processing, paper production, petroleum refining, coal gasification, petrochemical manufacturing, etc. Table 2 summarizes some different sources of H 2 S emissions. Also, H 2 S is produced naturally 
Sources References
Petroleum refining and exploitation (Gao et al. 2012) Sulfide-reduced bacteria (SRB) (Lee et al. 2006 ) Volcanoes, hot springs, and other geothermal sources (Skrtic 2006) Sewer network (Zhang et al. 2008 ) Freshwater wetlands (swamp and riverine marsh) (Castro and Dierberg 1987) Coal seams (Liu et al. 2012 ) Reactions of COS and CS 2 with OH (McElroy et al. 1980) (Wiemann et al. 1998) in many gas wells due to the desulfurization of petroleum stocks where the sulfur compounds are reduced to H 2 S through a refining process (via distillation, wash system and water from knockouts, and amine systems) (Reverberi et al. 2016) . The most significant sources of sour water are listed in Table 3 . Hydro-desulfurization units, fluidized catalytic crackers, and hydrocrackers also produce a considerable quantity of sour water. For example, sulfur remaining in the tail gas is converted to H 2 S. Prior to feeding the hydrogenated oil gas to the amine absorber, it is normally water-cooled, which would produce wastewater stream dominated by H 2 S. Other sources of wastewater are water utilized at start-up/cooling and purged water from hydrogenation units. The sour water has H 2 S, NH 3 , and phenols (Addington et al. 2011 (Lee et al. 2006 . In addition, reactions of COS and CS2 with OH provide important sources for H 2 S in the atmosphere (McElroy et al. 1980) .
In general, there are two sources of H 2 S emission, i.e. biomass gasification and anaerobic digestion. In the biomass gasification, H 2 S is produced due to the conversion of sulfate into S −2 in the incomplete combustion process (i.e. in the absence of oxygen) (Wang et al. 2013) . Moreover, in the anaerobic digestion process, sulfur is one of the important inorganic elements in living cells. Therefore, anaerobic microorganisms use sulfate as an electron acceptor for metabolic activities during the digestion process. This process produces H 2 S consequently. However, naturally, H 2 S is a natural by-product of plant biomass by the reduction of sulfate as expressed in the following reaction (Poulton et al. 2002) 
Under anaerobic conditions, H 2 S can be produced from organic matter at certain temperature and pH conditions that are appropriate. Also, in wastewater treatment plants, H 2 S is mostly found in the sludge containers.
Early stage inhibition
In the sewer system, organisms such as SRB is the main contributor for H 2 S emission due to the fact that SRB obtains energy by oxidizing molecular hydrogen (H 2 ) or organic compounds while reducing sulfate (SO 4 −2 ) to H 2 S. Increasing pH level (more than 9) is the most common method to control the emission of H 2 S due to biological activities such as SRB . Thus, H 2 S emission could be controlled at early stages (Nemati et al. 2001) . The amount of H 2 S is negligible as pH >9 due to its conversion to ions (HS − ) . However, increasing pH using NaOH is not practical as it is expensive, and it would affect the downstream process (Zhang et al. 2008 ). In addition, the addition of nitrate can prevent the formation of H 2 S for a period of time (Lomas et al. 2006) . To remove H 2 S generated from landfills and minimize H 2 S emissions, nitrate was added as an electron acceptor (H 2 S as an electron donor) using the autotrophic denitrification process under anoxic landfill cover conditions (Sungthong and Reinhart 2011) . It is an effective operation and simple process. However, it produces SO 4 2− which might be over time converted back to H 2 S. Moreover, metal salts adsorb sulfide ions to produce metal sulfide such as iron sulfide before they are converted to H 2 S. This is an effective way to control dissolved H 2 S in wastewater. Iron has been widely used to control sulfide buildup in sewer networks (Haaningnielsen et al. 2005 . Furthermore, addition of strong oxidizing agents such as hydrogen peroxide (H 2 O 2 ), chlorine, and potassium permanganate (KMnO 4 ) could control H 2 S formation (Zhang et al. 2008) . In addition, air or oxygen injection can reduce the amount of H 2 S, as dissolved oxygen (0.5 mg/l) can generally prevent sulfide formation and enhance the chemical and biological oxidations of sulfide (Zhang et al. 2008) .
Mostly, the decomposition processes of materials by organisms are contributed to form H 2 S in landfills. Gypsum (CaSO 4 ·2H 2 O) decomposition causes H 2 S generation in the landfills under proper conditions (30-37°C, pH around 7, moisture, presence of a carbon source, and absence of air). In the decomposition process, SRB uses sulfate in gypsum as an electron acceptor to produce H 2 S ( Sungthong and Reinhart 2011) . H 2 S emission from decomposition waste landfills and construction has received a great attention. Therefore, different cover materials (sand soil amended with lime, sandy soil, clayey soil, coarse concrete, and fine concrete) were used to control emissions of H 2 S from landfills. These cover materials have been evaluated as alternative control measures for H 2 S emissions in field and laboratory scales. The cover materials consisted of sandy soil amended with 5% hydrated lime (Ca(OH) 2 ) and fine concrete were most effective for the control and reduction efficiencies of greater than 99% of H 2 S emissions from landfills (Plaza et al. 2007 ). The mechanisms of reduction of H 2 S emissions result from the reaction with alkaline components of fine concrete or biological oxidation in the compost pilot test and lime-amended sandysoil producing sulfide minerals. The chemical reactions, biological degradation, and physical adsorption might occur when H 2 S gas diffused through the cover materials, which possible to control the H 2 S emissions. The calcium from lime-amended sandy soil and concrete covers can react with H 2 S and could be converted to sulfide minerals. The calcium in lime and concrete lead to an increase in the pH of the cover material to levels greater than 9, which may inhibit SRB growth, limiting H 2 S production (Xu et al. 2010) . Moreover, the gaseous emission of H 2 S can be avoided under alkaline conditions. Recently, the effect of air venting and moisture control on the production of H 2 S in landfills has been studied by Zhang et al. (2014) . The results showed that the addition of moisture did not increase the H 2 S level, and a significant drop in H 2 S concentration was observed (up to 99%) when aerobic conditions were promoted through air venting (Zhang et al. 2014) .
Current removal technologies
Many treatment technologies are available to control the H 2 S emission through the ventilation systems. These technologies are stripping (Almasvandi et al. 2016) , catalysis oxidation (Nguyen-Thanh and Bandosz 2005), biofiltration (Lestari et al. 2016) , wet scrubbing (absorption) (Lien et al. 2014) , and adsorption (Sakanishi et al. 2005) . Generally, these technologies can be classified into physicochemical, chemical, biological, and electrochemical methods (as shown in Figure 1 ).
The biological method was studied using a fixedfilm bioreactor with carbon to convert dissolved H 2 S to elemental sulfur (Henshaw 2001) . In addition, microfiltration could be combined with chloride oxidation for H 2 S removal (Thompson et al. 1995) . Different biological processes have been conducted by researchers, e.g. biofilters (Rehman et al. 2010 ) and microorganisms supported on activated carbon (AC) (Kennedy et al. 2004) .
For the chemical method, stripping H 2 S from the solution by aeration is not an effective way due to the odor released (Chaudhuri 2004) . H 2 S could be removed using Fe +2 and Fe +3 ions, as well as by the hydrooxidation method, which involves the addition of solid oxidants such as magnesium peroxide (MgO 2 ) (Chang et al. 2007, Altaş and Büyükgüngör 2008) . In addition, oxidation is a very popular chemical process involving oxidants such as hydrogen peroxide, oxygen, chlorine, hypochlorite, potassium permanganate, ferrate, and iron (Poulton et al. 2002) .
The physical method is popular in pollutant removal due to its exceptional H 2 S removal efficiency and its ease of operation (Meski et al. 2010) . For instance, oyster shells as H 2 S adsorbent have been used (Asaoka et al. 2009 ). The use of impregnating activated carbon (IAC) with sodium carbonate (in anaerobic conditions for fixed bed) as an adsorbent for H 2 S at low concentrations has been reported (Xiao et al. 2008) . Moreover, the removal of H 2 S from wastewater using methods such as precipitation (Altaş and Büyükgüngör 2008) , adsorption (Sakanishi et al. 2005 , Habeeb et al. 2017a and electrochemical processes (Dutta et al. 2010 ) has also been investigated. Indeed, adsorption has been widely applied in removing organic materials from aqueous media as it has a strong affinity for attaching organic substances even at low concentrations. The removal of H 2 S from gas phase by the adsorption process has been studied (Lemos et al. 2012) . Researchers have investigated on the removal of gaseous H 2 S using different adsorbents such as AC (Elsayed et al. 2009 ), alumina (Bae et al. 2009 ), silica (Belmabkhout et al. 2009 ), and zeolite (Alonso-Vicario et al. 2010) .
Over the past three decades, adsorption technology by AC has been widely adopted in petrochemical industries, production of industrial gases, as well as air and water purification (Zhou 2005) . AC derived from carbonaceous wastes is easily available, and it can be considered as an effective method to remove pollutants from water and air by adsorption (Bansal and Goyal 1988) . So, AC is very attractive for the purification of water (Foo and Hameed 2011) and gases (Nowicki et al. 2013 ). Thus, this study reviews different types of adsorbents and their adsorption capacities toward H 2 S removal from downstream. Figure 1 shows the cleaning technologies used for H 2 S removal from downstream.
Adsorption is a common process that employs physical and chemical processes for the cleansing of natural air and water, leading to the final removal of adsorbed material in the form of adsorbate (Abdel Ghafar et al. 2015 . Recently, adsorptions using various natural and synthetic adsorbents have been applied by many researchers (Agarwal et al. 2016 . In general, a biodegradable material should be used. Adsorption from the liquid phase is more complicated one than that from the gas phase. For liquid solution involving two components, both solvent and solute are adsorbed at different degrees (Yang 2003 been used (Ozekmekci et al. 2015 ). In the current study, the methods used to remove H 2 S in both gas and aqueous solutions, i.e. physicochemical, chemical, biological, and electrochemical methods, are reviewed.
Physicochemical methods
Adsorption of H 2 S on activated carbon
Recently, adsorption on AC derived from organic components can be regarded as the most effective way to remove pollutants from wastewater due to its cost effectiveness. AC has been used for removing H 2 S from gas mixture and liquid. Generally, there are many factors that determine the adsorption process capacity of adsorbents: porosity, surface area, functional groups, activation method, and adsorbate conditions. To enhance the adsorption capacity, it is necessary to study the structure of raw materials and the proper activation agent that can enhance the chemistry of the adsorbent surface. Different impregnated agents have been used to enhance the adsorption capacity of AC in H 2 S removal, e.g. impregnated with iodine (Marsh and Reinoso 2006) , metal hydroxides and oxides (Li et al. 2008 , Bashkova et al. 2009 , Cui et al. 2009 ), carbonates (Chen et al. 2010) , and nitrogen groups using urea or melamine . AC could be obtained either commercially or from waste materials. Here, the waste materials will be discussed in detail. Oil palm shell has been used (Guo et al. 2007 ) to remove H 2 S from mixture gas. They have studied different activation methods such as thermal and chemical methods. They have shown that AC treated by strong acid possesses better dynamic adsorption performance. However, there might be a hazard of fixed bed self-ignition owing to the extreme heat released by the reaction and the significant decrease in adsorption capacity due to the blockage of pore entrance. The results indicated that the chemical activation of palm shell AC by H 2 SO 4 or KOH activation performed better than the thermal activation by CO 2 . The mechanisms of H 2 S removal by the palm shell AC include chemisorption, physisorption, and/or H 2 S oxidation. The Boehm titration and Fourier transform infrared spectroscopy (FTIR) results (Guo et al. 2007) showed that alkaline groups of pyrones (cyclic ketone) and other keto-derivatives of pyran were the main surface functional groups on the KOH-impregnated adsorbent, while phenols, carboxylic acids, and carbonyl groups were the main surface functional groups on the H 2 SO 4 impregnation. Only carbonyl groups and phenol were detected for thermally activated AC. However, the effect of humidity on the adsorption process has not been explained (Guo et al. 2007 ). This limitation has been addressed (Xu et al. 2014) by focusing on the effects of relative humidity and pH on the adsorption capacities in sewage sludge and pig manure. It was found that the non-humidified pig manure biochar had higher capacity (59.6 mg/g) than the sewage sludge biochar (43.9 mg/g), possibly due to the effectiveness of the functional groups in the adsorption process. Also, they have reported that as the biochar was humidified at 25 wt%, the saturation time of these biochars increased to 200 and 180 min. The removal capacities for pig manure biochar and sewage sludge biochar have increased by ~10% and ~8.3%, respectively (relative to those of non-humidification controls). Both pig manure biochar and sewage sludge biochar have high pH values. This alkaline working condition is favorable for the dissociation of H 2 S at the biochar surface followed by the removal of H 2 S via the oxidation of dissociated HS − . Fly ash on sewage sludge-based material to remove H 2 S from biogas and air ) has been applied. Adsorbents were packed into a glass column (length 370 mm, internal diameter 9 mm, bed volume 6 cm 3 ). H 2 S (1000 ppm dry) was passed through the column of adsorbent with a flow rate of 0.15 l/min. The results showed that the addition of nonporous ashes to sewage sludge decreased the surface area and the porosity (where sulfur can be stored as H 2 S oxidation product). The active surface area is more influential than the microporosity in the process.
Another study indicated that the adsorption of H 2 S has led to the 50% decrease in the volume of micropores (with a 50% decrease in surface area). Parameters such as surface area, total pore volume, and microspore volume were investigated (Phooratsamee et al. 2014) . They used AC derived from palm oil shell impregnated with NaOH and K 2 CO 3 to remove H 2 S. They compared the performances of impregnated AC commercial AC. They found that surface area, total pore volume, and microspore volume increase with respect to the char product: chemical agent ratio (1:1 to 1:3) (Phooratsamee et al. 2014) . Moreover, the AC derived from the alkaline-impregnated coconut shell to remove H 2 S from the gas stream was adopted. The fresh adsorbent was impregnated with NaOH, KOH, and K 2 CO 3 using the wet impregnation method. The adsorbent was successfully impregnated with three types of alkaline. The findings indicated that, K 2 CO 3 was the best impregnation reagent because it gave the highest adsorption capacity, and the adsorption capacity decreased when NaOH-impregnated AC ratio increased (Choo et al. 2013 ).
Furthermore, carbonaceous adsorbents prepared from coffee industry waste materials were investigated (Kante et al. 2012) . The obtained materials were used as a media for separating H 2 S from air at ambient conditions. It was found that the porous surface of carbons governed the separation process. The adsorption capacities of AC were dependent on surface pH value and ash content, which were ranging from 20 to 127 mg/g (Kante et al. 2012) . The chars and AC were packed into a glass column (internal diameter 9 mm, bed volume 3 cm 3 ). Dry or wet air with 0.1% of H 2 S was passed through the dry bed of the adsorbent at 450 cm 3 /min. From the appropriate choice of pyrolysis condition and activation procedure, it is possible to obtain adsorbents with high removal capacity of H 2 S (281.5 mg H 2 S/gads). In addition, AC obtained from carbon dioxide has a very large sorption capacity toward H 2 S, and the wet condition is ideal for adsorption capacity (Nowicki et al. 2014) .
Moreover, the adsorption capacities of AC toward H 2 S are dependent on the activation temperature and the adsorbent conditions (Kazmierczak-Razna et al. 2015) . H 2 S adsorption capacity of AC or IAC increases with respect to the relative humidity. However, the role of humidity was not clearly understood in the removal of H 2 S from the gas mixture (Xiao et al. 2008) . The impregnation was done by mixing 50 g of carbon with 25 ml of 6% Na 2 CO 3 solution for 30 min. The mixed gases (100-1000 ppm) of H 2 S passed through the adsorbent bed at a flow rate of about 120 ml/ min. The results demonstrated that the roles of water and Na 2 CO 3 in the process were not clearly understood, and increasing temperature would reduce the H 2 S adsorption capacity of IAC.
AC obtained from bituminous coal has been used for H 2 S removal. It was found that the modification of bituminous coal-based AC with melamine and melamine with urea followed by heat treatment at 850°C would produce very efficient adsorbents (Bagreev et al. 2004 ). The performance of melamine was reported to be two times higher than that of melamine with urea at low char temperature (600°C). The sorption of H 2 S on virgin and oxidized AC have been studied . Yuan and Bandosz (2007) reported that the adsorption of H 2 S on AC might be affected by the chemical and physical properties of the adsorbent (i.e. surface area, porosity, and surface chemistry). AC prepared from the flue gas-precipitated lignin by means of steam activation with a large specific surface area of 1010 m 2 /g showed an excellent removal of H 2 S from the gas stream (Zhang et al. 2016) . The physisorption using AC at ambient temperature and pressure was found to be economical and cost effective for H 2 S removal from the gas stream. Furthermore, H 2 S adsorption on KOHimpregnated AC was investigated (Sitthikhankaew et al. 2014 , Habeeb et al. 2016 .
Recently, the adsorption of H 2 S on AC prepared from petroleum coke by KOH chemical activation was studied (Mochizuki et al. 2016) . The results showed that increased activation temperature and KOH/petcoke weight ratio will enhance the pore structure. AC activated by microwave radiation (physical activation) was used to remove toxic gases (Kazmierczak-Razna et al. 2016) . The surface area and the pore volume of the final product were 377 m 2 /g and 0.24 cm 3 /g, respectively, which were higher than those of the chemically activated AC.
Recently, ACs from palm oil mill effluent (POME) and enhanced empty fruit bunch (EFB) were used for H 2 S removal from wastewater (Amosa 2015) . Furthermore, studies on the adsorption of H 2 S by biochars derived from pyrolysis of different agricultural/forestry wastes were conducted (Shang et al. 2016 ). According to their findings, the sorption capacity of the biochar is related to the pyrolysis temperature and the surface pH. Table 4 reports different adsorbent types and their corresponding H 2 S adsorption capacities. Figure 2 shows the linear relation (R 2 = 0.9534) between the adsorption capacity and the adsorbent surface area. 
Adsorption of H 2 S on composite materials
Recently, resecrchers were looking for enhancement of the surface chemistry of adsorbents by impregnating the adsorbents with other functional materials such as metal oxide. For instance, a series of hydroxide composites or metal oxide with graphite oxide (GO) have been proposed as the H 2 S removal media , Mabayoje et al. 2012 ). The surface chemistry of the carbonaceous adsorbents can also be enhanced by adding some transition metals. For example, AC with metal containing bentonite binders was studied (Nguyen-Thanh and Bandosz 2005). They investigated the effects of bentonite clay binders containing copper, zinc, or iron in the interlayer spaces on the performances of the adsorbents in H 2 S removal. As reported, modification with a coppercontaining binder could enhance the capacity of carbon adsorbents, thereby, indicating that surface oxygenated groups play an important role in the adsorption process. The modification of AC with a bentonite binder decreased the micropore volume and the surface area due to the accumulation of metals in small pores. However, the adsorption capacity of AC increased because the copper that appeared in the small pores acted as an oxygen activator that would promote the oxidation process. However, the drawback of this method is the by-product of copper that contains a binder that can oxidize H 2 S to SO 2 , which is an undesirable pollutant. In contrast, other studies were conducted using cobalt (hydr)oxide/GO composites (Mabayoje et al. 2012) , and the results clearly demonstrated the ability of the composite material cobalt(hydr) oxide/GO in improving the adsorption capacity. The results indicated that the adsorption capacity of the adsorbent improved when the ratio of GO in the composite decreased. The removal efficiency of H 2 S is higher in a humid environment due to H 2 S oxidation to form elemental sulfur and H 2 S dissociation. The basic pH enhances the dissociation of H 2 S via oxidation (Bagreev and Bandosz 2005) . In the presence of 70% relative humidity, the adsorbed H 2 S dissolves in water (Eq. (2)) and dissociates to HS − and H + (Eq. (3)). In addition, KOH can absorb water vapor easily, and the basic property of KOH leads to the acid-base reaction (Eq. (4)) ( Sitthikhankaew et al. 2014 , Xu et al. 2014 ).
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As reported by many researchers, adsorption capacity increases with respect to the relative humidity, signifying the importance of the oxygenated group of GO. The result also represented the importance of the oxygenated group of the GO. Apparently, the presence of moisture can enhance the performance of the material adsorption capacity. For example, the adsorption capacities are 120.3 and 24.3 mg/g under wet and dry conditions, respectively. Similar observations have been found on zinc hydroxide and its composites such as GO and graphene , cadmium/GO-based composite adsorbents (Florent et al. 2015) , AC with a metal-containing bentonite binders (Nguyen-Thanh and Bandosz 2005), and Zr(OH) 4 / GO . Improvement in H 2 S adsorption capacity is greater for composites with a lower GO mass ratio . The cadmium/GO composite adsorbent has been investigated . They found that moisture and hydroxyl groups were able to improve the H 2 S adsorption capacity, and hydroxide-based materials were better adsorbents than the carbonate-based composites. The adsorption of H 2 S from humid air at room temperature using zirconium hydroxide/GO composites have been investigated previously. The synthesis details of the particular GO and the preparation of GO/zirconium hydroxide composite were described (Seredych and Bandosz 2010) . From the studies, adsorbent samples with particle sizes ranging between 0.4 and 0.6 mm were packed into a glass. The experiment was done in a moist condition by pre-humidifying the air (relative humidity 70% at 25°C) for 2 h. H 2 S (1000 ppm) was then passed through the column of the adsorbent at 500 ml/min. Their results showed that the replacement of the terminal OH − groups of hydrous zirconia happened, and H 2 S was retained on the surface via reactions of HS − with epoxy and carboxylic groups of graphite oxide layers. Visible light photoactive zinc (hydro)oxide/GO and zinc (hydro)oxychloride/GO composites have been studied (Mabayoje et al. 2013) , and the authors have found that highly energetic adsorption centers were formed on the composite surfaces, and exposure to visible light would decrease the H 2 S adsorption capacity. These processes involved active centers and OH − groups that react with H 2 S. However, in a dark environment, the oxidation of H 2 S was limited, and the terminal groups played an important role in the removal process. The adsorption capacities of these composite materials ranged from 40 to 155 mg/g (Mabayoje et al. 2013) . Apart from that, the performance of the nano-sized zinc oxide/reduced graphene oxide composite (ZnO/rGO) at ambient condition was investigated (Song et al. 2013) . The author showed that layered double hydroxides (LDHs) such as Ni/Al-LDHs and CeO 2 / MgAl-LDHs were better catalyst sorbents for SO 2 and H 2 S removals (Polato et al. 2005 , Zhao et al. 2011 . Moreover, AC coated with CeO 2 -NiAl-LDHs was promising in aqueous SO 2 and H 2 S removals (Li et al. 2015) . Table 5 summarizes the H 2 S adsorption efficiencies for some composite materials. Figure 3 compares the H 2 S adsorption capacities of some composite materials.
Adsorption of H 2 S on metal oxide and zeolite materials
Recently, refined zeolite compounds have been used as an adsorbent/oxidant of H 2 S. Natural zeolites exhibited better properties than the synthetic ones in commercial separation (Ozekmekci et al. 2015) . The H 2 S removal efficiency of virgin zeolite (for POME biogas desulfurization) was investigated (Pourzolfaghar and Ismail 2013) at ambient temperature and pressure. In addition, the capacity of H 2 S removal using the natural zeolite was about 94%, and higher efficiency was obtained after 4 days as zeolite could be regenerated easily (Yaşyerli et al. 2002) . Moreover, the performances of zinox and zeolite materials as adsorbents to remove H 2 S from natural gas has been evaluated (Melo et al. 2006) . The surface area of zeolite 13X was 16.15 m 2 /g, and the maximum adsorption capacity was 53 mg H 2 S/g at 25°C. Their results correlated well with those of the Toth's model. Both Zeolite 13X and Zinox 380 could be used as adsorbents to remove H 2 S from natural gas, and Zeolite 13X gives better adsorption of H 2 S than Zinox. However, Zinox 380 has a higher surface area compared to Zeolite 13X (34.54 m 2 /g). In fact, the functional groups play a significant role in the adsorption processes of Zinox 380 and Zeolite 13X. Calcium oxide, hydroxyls, and ZnO 4 were observed as functional groups on the surface of Zinox 380 by FTIR test. For Zeolite 3X, hydroxyls, SiO 4 , and AlO 2 tetrahedral were active groups that contributed to the adsorption process.
Another interesting study was performed (NguyenThanh et al. 2005) , whereby samples such as Fe-exchanged montmorillonite (Fe-M), sodium rich montmorillonite (Na-M), Al-pillared montmorillonite (Al-M), montmorillonite modified with iron oxocations (FeOx-M), and Fe 3+ -doped Al-pillared montmorillonite (FeAl-M) were prepared. Dynamic tests were carried out at room temperature to evaluate the capacities of the sorbents for H 2 S removal under wet conditions. Adsorbent samples (2-to 3-mm granule size) were packed into a column (length 60 mm, internal diameter 9 mm, bed volume 6 cm 3 ). All samples were examined and characterized using different analyses, showing that Fe 3+ -doped Al-pillared montmorillonite (FeAl-M) had the highest adsorption capacity at 12.74 mg/g, and the surface area was 75 m 2 /g. On the other hand, metal oxides such as CuO and ZnO were used as well to remove H 2 S (Haimour et al. 2005) . Furthermore, the adsorption of H 2 S on zeolite was studied (Sigot et al. 2016) . The feasibility of Cu-contaminated soil on the removal of H 2 S from hot coal gas was studied (Huang and Ko 2015) . A summary of zeolite and metal oxide adsorbents and their performances is shown in Table 6 .
The adsorption processes of H 2 S by solid materials (adsorbent) are complicated, which involve physical adsorption and chemical adsorption. The physical adsorption depends on the physical properties of the adsorbent such as porosity and specific surface area (Suhas et al. 2007 ). The adsorption process of the adsorbate molecules from the bulk liquid phase into the adsorbent surface is presumed to involve the following stages (Tchobanoglous et al. 2003) . First, mass transfer of the adsorbate molecules occurs from the external boundary layer to the solid particle. Then, the adsorbed molecule moves from the particle surface into the active sites by diffusion within the pore. Solute molecule adsorption occurs on the active sites on the interior surfaces of the pores. Finally, it migrates to the pore surface through surface diffusion.
On the other hand, the chemical adsorption of H 2 S on the adsorbent surface occurs due to the functional groups found on the surface of the adsorbent. The oxygenated functional groups (carboxyl, lactonic, phenol, and carbonyl groups) coupled with a large number of acidic sites on the carbon surface enhanced the removal of H 2 S (Adib et al. 2000) . The caustic carbon surface could immobilize the H 2 S species on the adsorbent surface and promote the removal rate due to the acidic nature of H 2 S. Caustic materials such as NaOH or KOH are capable of improving the pH level of the carbon surface (attractive adsorbent toward H 2 S). There are some interactions during the adsorption process of H 2 S from downstream (Kose 2010): i) adsorbent-adsorbate (H 2 S) interaction, which is controlled by the molecular structures of the adsorbate, the surface chemistry, and the physicochemical properties of the adsorbents; ii) water-adsorbate (H 2 S) interaction, which is related to the chemical compatibility between water and H 2 S molecules; iii) water-adsorbent interaction, which depends on the polarity of the adsorbent. Seemingly, the physicochemical method is inclined in finding the most cost-effective adsorbent in removing H 2 S from wastewaters.
Chemical methods
In the chemical methods, the absorption process is considered as the main way to recover H 2 S in most of the petroleum refinery. Classical processes such as amine absorption (Archane 2009 ), absorption using the catalysts or Claus process to recover the elemental sulfur (Boumnijel et al. 2016 , Taheri et al. 2016 ) and caustic absorption with chemical oxidation (Boumnijel et al. 2016) were characterized and implemented to treat the H 2 S gases prior to their release into the environment. The removal of H 2 S by alkaline was studied (Boumnijel et al. 2016) . They analyzed the absorption of H 2 S in a chlorinated seawater solution under alkaline condition. The simultaneous absorption of H 2 S from a gas mixture using amine-based nanofluid in a wetted wall column was also studied (Taheri et al. 2016) . The results showed that SiO 2 -ethylenediamine nanofluid has deteriorating effects on the H 2 S absorption. Several industrial water-based techniques for removing H 2 S from the gas stream have been reviewed (Rene et al. 2012) . H 2 S absorption capabilities of silica and exfoliated GO in a bubble column were studied (Esmaeili Faraj et al. 2014) . (Asaoka et al. 2013) In general, the aqueous solution of alkanolamines is widely used in the gas treatment process. Alkanolamine solvents are highly selective, and they can remove acid gases efficiently. Diisopropanol amine (DIPA), diethanolamine (DEA), monoethanol amine (MEA), methyldiethanol amine (MDEA), and diglycol amine (DGA) are some examples of solvents used for H 2 S removal in the gas sweetening industry (Mandal and Bandyopadhyay 2005) . 
Other chemical substances such as sodium hydroxide (NaOH) and sodium hypochlorite (NaOCl) can be used to remove H 2 S. The traditional treatment of wastewater (containing H 2 S) was conducted by sending the wastewater to the stripping unit where steam is used to heat the wastewater to above 982.2°C. H 2 S is then released at the top of the stripping tower and sent to the other unit where it was converted into sulfur. Sulfide is primarily found in the form of ions at pH above 5.5 and cannot be removed effectively. The ideal pH level for stripping H 2 S is below 5.5 (Almasvandi et al. 2016) . In most petroleum refineries, chemical scrubbers are used to treat sour water before disposal. Chemical scrubbers are commonly used to control H 2 S using packed bed wet scrubber. The scrubbing liquid contains caustic (NaOH) and oxidizing agent (most often bleach or NaOCl, sodium hypochlorite), which are obtained by solubilizing H 2 S as bisulfide (HS − ) and sulfide ions (S −2 ). The mechanism of the chemical process is based on the instantaneous reaction between H 2 S and the oxidizing agent. This reaction converts the sulfide to a sulfate (SO 4 −2 ) ion. The overall chemical process can be described by the following equations: 
Theoretically, for each H 2 S molecule destroyed, two molecules of caustic and four molecules of bleach are consumed. Moreover, as H 2 S is partially oxidized, the element sulfur is formed.
2 2 H S NaOCl NaCl H O S .
In this scrubbing, the use of extra bleach reduces the formation of elemental sulfur. However, the chemicals used are very costly. Therefore, two stages are frequently used to reduce the chemical consumption and to manage the sulfur disposal when scrubbing H 2 S. The first stage is carried out at ~80% efficiency, employing a causticonly scrub at high pH (~12.5). Next, the remaining H 2 S is scrubbed with a caustic/bleach solution at pH ~9.5. The chemical method is considered as the main way to recover H 2 S in most of the petroleum refinery.
Biological methods
Despite some drawbacks of biofiltration, such as being sensitive to operating conditions/contamination and its being relatively slow (Lestari et al. 2016) , it is still widely used for H 2 S removal. Several physicochemical processes that have been used to remove H 2 S from industrial waste gas streams such as absorption (Boumnijel et al. 2016 , Taheri et al. 2016 , scrubbing (Lien et al. 2014) , and using water-containing chemicals (Boumnijel et al. 2016 , Taheri et al. 2016 . These processes are costly and tend to produce chemical wastes. The most common process for removing H 2 S in the biogas industry is biological desulfurization (Ward et al. 2008) . Biological desulfurization uses the bacteria Sulfobacter oxydans (Ward et al. 2008) that are present inside the digester. Approximately 2-5% of air is first injected into the raw biogas residing in the headspace of the digester in order to convert H 2 S into elemental sulfur and sulfurous acid (via bacteria S. oxydans). Biological oxidation of H 2 S can take place at the sewer surfaces exposed to the sewer atmosphere. The aerobic and autotrophic Thiobacillus sp. growing on the moist surface can oxidize H 2 S to sulfuric acid (Gadekar et al. 2006) . The removal of H 2 S using salak fruit seeds packed in the bed reactor with sulfur-oxidizing bacteria acting as biofilm has been studied (Lestari et al. 2016) . The removal efficiency of 97.15% was reported. Also, pure culture of various sulfide-oxidizing bacteria such as Thiobacillus, Pseudomonas, and Xanthomonas could metabolize H 2 S effectively due to its fast oxidation rate and low acid production in AC (Gadekar et al. 2006 , Ward et al. 2008 , Rattanapan et al. 2010 . Moreover, granular AC biofiltration has been used to study H 2 S removal (Rattanapan et al. 2010) . Furthermore, the removal of H 2 S in a biotrickling filter was studied (Tsang et al. 2015) .
For biological desulfurization methods, the H 2 S concentration can only be reduced to around 200 ppm. Also, the amount of reduction is inconsistent. The presence of air increases the corrosion activity of biogas, and the air must be removed if the natural gas pipeline is used (White 2010) .
The mechanism of the microbial process of H 2 S removal is based on the biological sulfur cycle. The sulfur cycle consists of reductive and oxidative sides. In the reductive side, sulfate acts as an electron acceptor in metabolic pathways used by a wide range of microorganisms, and it is converted into sulfide. Meanwhile, sulfur compounds are reduced on the oxidative side functioning as electron donors for phototrophic or chemolithothrophic bacteria that convert these compounds into elemental sulfur or sulfate. If the biological sulfur cycle is not balanced (oxidative and reductive sides), accumulation of intermediates such as H 2 S, sulfur, and iron sulfide could happen (Tang et al. 2009 ). Two different biotechnological processes can be distinguished. First, the genera of the family Chlorobiaceae and Chromatiaceae catalyse, under anaerobic conditions, the photosynthetic Van Niel reaction:
The second process involves the use of chemolithoautotrophic bacteria from the genus Thiobacillus group that relies on a biotechnological process to remove H 2 S by oxidizing sulfide to elemental sulfur or sulfate. The following reactions may occur in an aerobic sulfide-removal system (Janssen et al. 1999) . 
The biological method could be used effectively in sewer water treatment.
Electrochemical methods
Electrochemical method can be used to remove H 2 S from aqueous solutions using a lab scale fuel cell (Dutta et al. 2008) . At ambient temperature and neutral pH conditions, sulfide was removed continuously for 2 months at a rate of 0.62 kg S/m /day of total anodic compartment. The sulfur element was produced during the oxidation process and deposited on the anode, while potassium ferricyanide was used as the cathodic electron acceptor (Dutta et al. 2008) . In addition, the removal of sulfide from paper mill using the electrochemical method was studied (Dutta et al. 2010) . The concentration of sulfide in the effluent was 44 mg/l, and it was reduced to 8 mg/l (Dutta et al. 2010) . Moreover, the electrochemical method was effective in reducing the sulfide concentration to below normal level utilizing Pt/Irand Ta/Ir-coated titanium electrodes under the simulated sewer conditions during field trials (Pikaar et al. 2012 ). The results suggested that the electrochemical method could prevent the sewer corrosion. Furthermore, the coulombic efficiency for dissolved oxygen generation was 60%, and it was not significantly affected by the current density.
The electrochemical method is effective in removing low concentrations in domestic wastewater. Recently, the electrochemical method was used to remove sulfide from spent caustic downstream wastewater. The spent caustic streams were produced from the scrubbing process of sulfide-containing sour gas. The batch experimental process was conducted using an electrochemical treatment involving cathodic caustic recovery and anodic sulfide oxidation using a two-compartment electrochemical system. The sulfide removal of 84% was reported. For an experiment that is long term and continuous (a period of 77 days), it demonstrated stable cell voltages (i.e. 2.7 V) with constant sulfide removal efficiencies of 67% at a loading rate of 47 g (S)/l·h (Vaiopoulou et al. 2016) . Lowcost electrode materials such as stainless steel AISI 304 and carbon cloth have been used in anaerobic digestion for sulfide removal using the electrochemical method (Lin et al. 2016) . Complete removal of sulfide took 2 days on this electrode materials at 3 V. The sulfide removal mechanism in alkaline media (using the electrochemical method) is mainly based on oxidizing dissolved sulfide to become elemental sulfur: 
Discussion
As mentioned before, there are many methods and strategies available for H 2 S removal. In this section, these methods will be discussed in terms of removal efficiency, cost, toxicity, and negative impact on the environment. Figure 1 shows the cleaning technologies of H 2 S from downstream. Generally, there are four main methods that can be used to remove H 2 S in both gas and aqueous solutions, i.e. physicochemical, chemical, biological and electrochemical methods.
In the physical method (physicochemical), the adsorption processes are quite popular. The use of materials such as AC, composite materials, zeolite, metal oxide, and waste materials as adsorbents was discussed in this review. The adsorption rate of H 2 S is affected by many factors such as adsorbent surface area, pore size, moisture content, pH, and surface chemistry (oxygen-containing functionalities). For AC, most researchers focus on improving the adsorbent's surface area and porosity using innovative activation methods, agents, and material sources. Apart from surface area and porosity, surface chemistry of the carbonaceous adsorbents can be enhanced as well by adding some transition metals in order to remove pollutants. Composite materials have been used as adsorbents, and they gave promising results. Nowadays, researchers are looking for low-cost and effective adsorbents. In this regard, agricultural and biomass wastes have been used as precursors of adsorbent preparation. From the environmental point of view, adsorbents should not yield poisonous materials after the adsorption process. For example, some processes oxidize H 2 S to SO 2 , which is a pollutant. Thus, it is interesting to have a green adsorbent that does not pose a threat to the environment.
On the other hand, chemical methods are less popular due to its difficulty in operational control and disposal. Chemical methods are more effective in controlling the odor of H 2 S from wastewater; however, it is very costly and poses negative impact to the environment and human health. Also, it must be operated by well-trained people. For example, stripping H 2 S from the solution by aeration is not an effective way due to the odor released.
Biological methods can be used to remove H 2 S by some organisms, which can consume the respective pollutant and convert it to another substance, which is less hazardous. For instance, biological methods were employed to convert dissolved H 2 S to elemental sulfur using fixed-film bioreactor with carbon (Henshaw 2001) . However, biological processes are relatively slow, and they are sensitive to operating conditions and contamination level. It is costly as special conditions and nutrients are needed to grow the bacteria. Sometimes, a chemical is needed to remove that organism from the water. Biological methods must be implemented in an aerobic condition, whereby air must be injected to increase the corrosion activity of the biogas.
On the other hand, electrochemical methods are time consuming and require high power.
From the information discussed above, it can be concluded that the physicochemical (adsorption) method is still the most promising way for H 2 S removal. Composite materials and those impregnated with some metals are commonly used to increase the active sites for removal efficiency enhancement. Overall, adsorption process is very effective, low cost, eco-friendly and easy to be operated.
Future prospects and recommendations
This review paper focused on the sources of H 2 S, negative impacts of H 2 S, and some existing technologies implemented to remove H 2 S from downstream. It focuses on using green adsorption processes to remove the toxic pollutants. From the current study, it is clear that adsorbents with good regenerability and stable structure are efficient in removing H 2 S. In general, factors such as porosity, surface area, functional groups, and activation reagents play a vital role in affecting the adsorption capacity of the adsorbent. Therefore, efficient H 2 S removal requires high surface area and porosity of adsorbent functionalized with some surface groups. From the current review, it was deduced that adsorption is the most reliable and popular method. The adsorption rate of H 2 S is affected by many factors such as surface area of adsorbent, pore size, moisture content, pH, and surface chemistry (oxygencontaining functionalities). Surface chemistry of carbonaceous adsorbents can be also enhanced by adding some transition metals. 
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